We present an Image Functional Modeling (IFM) approach which synthesizes imaging and mechanical data with anatomically explicit computational models. This approach is utilized to identify the relative importance of small and large airways in the simultaneous deterioration of mechanical function and ventilation in asthma. Positron Emission Tomographic (PET) images provide the spatial distribution and relative extent of ventilation defects in asthmatics post-bronchoconstriction. We also measured lung resistance and elastance (R L and E L ) from 0.15 -8 Hz. The first step in IFM involves mapping ventilation 3D images to the computational model and identifying the largest size airways of the model that, if selectively constricted, could precisely match the size and anatomical location of ventilation defects imaged by PET. In data from six asthmatics, these airways had diameters < 2.39 mm and mostly d<0.44 mm.
Introduction
Asthma is an airway disease in which the airway tree can experience constriction when provoked.
Computational models have demonstrated that some forms of heterogeneous airway constriction could result in a profound degradation in the mechanical and ventilation functions of the lung (2, 8, 17) . These models predict that such heterogeneity will result in increased frequency dependence of dynamic lung resistance (R L ) and elastance ( E L ) and similar increases have been measured in provoked asthmatics (9, 17, 18) . Numerous imaging studies have now demonstrated that this constriction is heterogeneous and also results in heterogeneously impaired ventilation distribution (1, 3, 5, 20, 21, 25) . These imaging data alone, however, provide very limited mechanistic insight relating structure to function. Questions remain regarding what airway sizes are most responsible for the degradation in function, whether these airways are randomly constricted throughout the lung or clustered in specific regions in the lung, whether the location of the airway constriction is a crucial component to the clinical phenotype and whether airways necessarily responsible for ventilation dysfunction are the same as those needed to match mechanical dysfunction. For example, modeling studies alone predict that both dysfunctions arise from constriction and/or near closure of peripheral airways i.e. 2mm and below (8) . Currently, even the most advanced imaging methods cannot routinely resolve human airways below 2 mm in diameter with enough spatial resolution (3) .
Recently, we incorporated airway and tissue structural properties, as well as mechanical function, into an anatomically consistent 3D airway tree model to predict dynamic lung mechanics after applying heterogeneous constriction to airways in the tree (23) . We also suggested the potential for synthesizing this model with Positron Emission Tomographic (PET) images. In this study we present a new approach which we call Image Functional Modeling (IFM). The IFM synthesizes imaging and mechanical function data with anatomically explicit computational models in order to probe detailed structure-function relations at levels not previously possible and on a subject specific basis.
Specifically, we now incorporate the capability to predict the flow distribution to each of the acini in the 3D tree model for any arbitrary heterogeneous constriction pattern. Consequently, we can ensure that 3D model conditions explicitly match the image determined anatomic locations of ventilation dysfunction.
We now combine oscillatory mechanical measures sensitive to heterogeneity of constriction (eg. dynamic lung R L and E L versus frequency) and PET ventilation images with the 3D airway tree models to examine the role of large versus small airways in the simultaneous deterioration of mechanical function and ventilation in asthma.
Methods

Computational Methods
Model Structure
We use the 3D asymmetric computational model of the conducting airway tree described by Tawhai et al (22) . The airway tree model is generated in a subject-specific host volume that is derived from CT imaging. A volume-filling branching algorithm generates the airway tree, starting from CTdefined model airways for the same subject. The method is a recursive algorithm that aims to fill the host volume with a bifurcating tree. Diameters of the airway branches are based on mean diameter sizes for each order, as reported in literature, with an arbitrarily chosen coefficient of variation. The resulting asymmetric conducting airway model ( Figure 1 ) has 26 generations (generation 1 is the trachea). The distribution of lengths and diameters (Table 1 ) and the daughter diameter ratios are all consistent with morphometric studies found in literature (12) . The average terminal generation and number of terminal bronchioles also lie within the range of morphometric data. The total number of terminal branches is 28,901.
Model Mechanical Function
The details for predicting mechanical lung function in a 3D airway tree model have been previously described in (23) . Briefly, we modeled each airway to account for pressure losses, resistive and inertial, related to laminar flow through the airways. The tree model allows for shunting of flow into gas compression or the compliant airway walls and includes differences between healthy and asthmatic wall properties consistent with (16) . The airways terminate onto viscoelastic alveolar tissue units which include tissue damping and elastic components according to a constant-phase model (11). We compute the input impedance (Zin) of the entire airway tree using a stack-based algorithm to traverse through the tree while combining the impedances of each generation in the proper parallel and serial fashions. Any form of heterogeneous bronchoconstriction can be imposed on any specified set of airways. We use a Gaussian distribution for imposing constriction with a user specified mean (µ) fraction of constriction and standard deviation (S.D.) of constriction. Here, prior to calculation of the impedance of an airway, a random draw is performed which is used to reduce the baseline airway diameter. Multiple unique constriction distribution functions can be applied to distinct airways in the lung.
Model Ventilation Distribution
Ventilation distribution calculations to predict the fraction of input flow delivered to an acinus have been imposed by us previously for a morphometric Horsfield model (9). This approach was extended for our 3D airway tree. We calculate convective ventilation out to the level of the airways where gas transport is governed by convection (diameters > 0.22 mm). A sinusoidal input flow ( ) of unit amplitude and at a known frequency is presumed to be delivered to the trachea and distributes throughout the airway tree. As a first order approximation we assume laminar flow through the conducting airways and calculate the fraction of flow exiting a parent branch and entering its two subtending daughter branches using a current divider relationship and knowing the distribution of If ventilation were homogeneous, the input flow delivered to every single acini would be identical and expressed as:
where N acini is the number of terminal branches in the model(N acini =28,901). For each specific airway constriction condition we calculate a normalized flow ( ) for each terminal branch ending as:
Hence, if ventilation were perfectly homogeneous, all acini would receive equal flow and would be equal to 1. Otherwise, represents the fraction of under (<1) or over (>1) ventilation to that acini relative to a purely homogeneous situation. Because we are calculating ventilation distributions at low frequencies, we assume that the total flow shunting into the nonrigid walls is negligible when compared to the flow delivered to the sum of all acini.
Experimental Methods
PET ventilation regional data and oscillatory mechanics were acquired from 6 mild asthmatics (Table 2) , while lying supine, at baseline and during methacholine-induced bronchoconstriction. Only Subject 5 had a history of smoking that lasted two years, but had quit two months prior to the experiment. Bronchoconstriction was induced using a 5 breath methacholine challenge, at the previously determined PC 20 dose (20% drop in the subject's baseline, upright FEV 1 ) Approximately 5 minutes after the end of the methacholine challenge imaging and mechanics data were collected.
The PET images were obtained following an apneic intravenous injection of a bolus of radioactive gas 13 NN in saline solution as described previously (20, 24, 25) . Briefly, due to the low solubility of 13 NN in the blood and tissues, upon arrival to the pulmonary capillaries, the gas diffuses out into the alveolar gas space as the subjects remain apneic at mean lung volume for approximately 20-30 seconds providing enough time for the entire perfused alveolar space to fill with the 13 NN. At the end of the apneic period the subject starts to breathe normally and the tracer washes out of the lung by ventilation.
In healthy lungs or at baseline in many asthmatics, in less than 3 minutes of breathing the tracer nearly completely washes out of all alveolar regions. In contrast, during bronchoconstriction in asthmatics,
there are large alveolar regions that retain a substantial amount of tracer (24) . These regions are effectively ventilating slowly.
Dynamic lung resistance (R L ) and elastance (E L ) were measured using the optimal ventilation waveform forced oscillation technique in the supine position, as previously described in detail (13) .
Subjects were instructed to relax while a piston pump, delivered a waveform that contained the sum of multiple frequencies between 0.15 and 8 Hz but in a manner such that the waveform still delivered a normal tidal volume. Transpulmonary pressure and flow at the airway opening were measured and subsequently transformed into the frequency domain to estimate R L and E L at each frequency.
Image Functional Modeling
We must first insure that any candidate constriction pattern matches the spatial information from PET data. This requires mapping slowly ventilating regions imaged by PET into the corresponding locations of the 3D model. Next, we systematically search from a broad spectrum of potential constriction patterns in the airway tree for those patterns which can produce ventilation defects in precisely the PET established regions. These constriction patterns are applied first to the highest generations (smallest airways) only and then increasingly larger airways are included so long as they continue to be consistent with the location of the PET ventilation defects. Each of these patterns is then further distinguished by how well they can or cannot match the measured R L and E L data. were defined by first creating a tracer retention image from the sum of PET frames acquired during the last few seconds of the washout period of the subject during bronchoconstriction. A ventilation defect mask was identified by thresholding the tracer retention images to define regions having at least 20% of its peak tracer concentration (eg. Figure 3 , left) remaining at end washout. As an example, we show an image for a constricted asthmatic with hypoventilated tracer retention regions (i.e., ventilation defects) located heterogeneously throughout the imaged lung. This ventilation defects mask was next mapped into the corresponding anatomic slice location of the 3D the tree model ( Figure 3 , right). Finally, we could render (i.e., stack) these slices to create a 3D depiction of the terminal airways experiencing ventilation defects and these are shown for all 6 subjects in Figure 4 .
Establishing Pre-Constriction Airway Conditions: We create a baseline airway tree model for a particular subject as follows: First, based on a prescribed generation dependent airway pressure-area relation (17) , all airway diameters are scaled to FRC (5 cm H 2 O). Also, the measured FRC lung volume is distributed evenly among the terminal alveolar units. Second, the tissue elastance of the whole lung is presumed to be the measured elastance at low frequency (0.15 Hz) and at baseline. This elastance is also distributed homogeneously among all alveolar-tissue elements. Finally, the airway tree is modified so as to match the baseline R L and E L for that particular subject. In some subjects there was noticeable evidence of elevated R L and E L and their frequency dependence even at baseline. In such cases we applied varying means (0-50%) and standard deviations (0-50%) of constriction to the airways in generations 4-16. We applied these conditions to all airways from a particular generation down to the terminal airways. We found the best match of 3D model prediction from all of the different constriction conditions to the R L and E L baseline data by identifying a performance index which minimizes the sum of the error between the simulated and the measured mechanics: [3] where Re refers to the real part of impedance, and Im, the imaginary part of impedance, nf is the number of frequencies and the subscripts d and m refer to the data and model respectively for a given mean and
standard deviation. We consider these adjusted diameters to be the baseline diameters for each prechallenged asthmatic.
Post-Constriction IFM: Finding Maximum Airway Sizes Responsible for Ventilation Defects: Synthesis of the PET data with the 3D model allows us to identify the maximum size airways that might be closed or highly constricted in such a way as to reproduce the locations of non-ventilated acini in the PET data.
Specifically Figures 3 and 4 show the process of first locating model acini marked as non ventilated. Of course, this could occur by simply closing each of these terminal airways. The ventilation defects can also occur by severely constricting or closing proximal airways that lead to these terminal regions so long as doing so does not also cause a defect elsewhere in acini that the PET data indicated are well ventilated. For every generation we identified which airways could become severely constricted so as to recreate ventilation defects to the PET identified terminal units but without creating ventilation defects elsewhere. Closure of an airway was defined as a 90% reduction of the subject specific baseline diameters. We chose a limit of 90% rather than full closure reduction, because the imaging data indicates that there is some, albeit much less, ventilation to the defect regions.
IFM: Matching Imaging and Mechanical Data Simultaneously: The previous step identifies airway closures that could or could not match ventilation defects from PET. Now, we establish whether and how we must further adjust the remaining airway diameters to simultaneously match the R L and E L data of that subject. Specifically, starting at a generation above the acini we close the necessary airways at that generation to match the PET image ventilation defects and then imposed constriction distribution patterns of varying mean levels (0-90%) and standard deviations (0-90%) to all the remaining airways from that generation down to the terminal airways. Also, we include airways both within and outside the Field of View (FOV) of the PET image. So long as they are at the appropriate generation level, this process is repeated for increasing larger airways (i.e., moving proximal one generation at a time) but applying the constriction distribution to all airways from that generation on down to the terminal airways. We determined the best match of 3D model predictions to the R L and E L data by using eq. 3 to obtain a set of constriction conditions for each generation that minimized the PI.
The end result of the above process is that for each generation we have identified the airway constriction conditions that when applied to that generation and all higher ones (all airways peripheral to that generation) provide the best possible match to oscillatory mechanics data while being anatomically consistent with simultaneously imaged ventilation defects. Eventually, we find airway generations that provide acceptable matches to the R L and E L data and airway generations that do not. Hence we can establish whether constriction confined to airways too small in size (d<2mm) can acceptably match both mechanics and PET data in a specific subject and the converse; whether constriction permitted to affect airways that are large can match both data sets.
Of course, the above approach reveals constriction patterns that can match either PET and mechanics data or PET but not mechanics data. We also explored whether there were constriction patterns that can match mechanics but not PET data. Here, we identified heterogeneous constriction patterns that when applied to a specific airway generation and below, provided a satisfactory match to the mechanical data, but without concern or attempt to incorporate the PET data. Finally we also performed a sensitivity analysis that constricted only the large airways, in order to identify if elevations in measured mechanics post bronchoconstriction could be achieved in the simulated mechanics by constricting the large airways alone.
Results
Maximum Size Airways Associated with Closure
The first step in IFM was to isolate the largest size airways in the model that when closed could recreate the 3D locations of ventilation defects in the PET image without creating ventilation defects that are inconsistent with the image. While the precise locations of ventilation defects vary from subject to subject, generally we found in our six subjects that the ventilation defects occurred in clusters located in the dependent regions of the lung (Figure 4 ). This likely reflects the fact that the subjects were challenged while supine. In these asthmatic subjects, we found that in order to maintain consistency in the model and image ventilation defects, the range of allowable closed airways were on the order of .22 -2.39 mm with the preponderance of closures needing to occur in airways less than 0.5mm in diameter (Table 3) .
Matching PET and Mechanics
In Figure 5 , we show the mean ± standard deviation R L and E L spectra from all subjects at baseline and post challenge. We note that at baseline, there is not much variability in R L and E L from the mean, however, during bronchoconstriction there is a large variability in the mean level and frequency dependence of R L and E L over the entire subject pool. In Figure 6 on the left we show the dynamic R L and E L for one of our most reactive subjects. Pre methacholine, R L decreases from ~9 We also identified heterogeneous constriction patterns that would fit the measured R L and E L , but without incorporation or concern of any PET data. Two airway constriction patterns may provide similar matches to mechanics data but drastically distinct ventilation distributions ( Figure 7 ). For example, Figure 7 compares the Case 1 best fit for the IFM application in Figure 6 to a best fit for another heterogeneous constriction pattern that did not incorporate any PET data. Both airway trees predict very similar oscillatory mechanics data, which is also similar to the subject's actual data.
However, Figure 7 also shows the predicted ventilation distribution from both conditions. The purely heterogeneous constriction resulted in ventilation defects scattered throughout the lung and highly inconsistent with the imaging information (eg. Figure 3 ) whereas the IFM approach (Case 1) maintained consistency with the subject's ventilation defects. This example shows the importance of combining the PET and mechanics to confine the allowable airways constriction associated with asthma reactivity.
The pooled IFM results show that to match baseline R L and E L (Table 4) generally required substantial homogenous constriction (with a mean between 30-60% ) and a small SD (< typically less than 20%). Baseline constriction was necessary in both the large and small airways i.e. generation 4 or higher. Post constriction, all six asthmatic subjects required substantial constriction to occur in airways in generation 12 or higher (i.e., diameters < 1 mm) ( Table 5 ). Figure 8 , shows the performance index (PI) as a function of increasing maximum generation permitted for airway constriction. While the best match occurred when constriction is restricted to airways peripheral to generation 12-14, the minimum PI is not highly distinct. The matches to the mechanical R L and E L data only marginally worsen if we allow constriction to impact increasing larger airways, even those as high as generation 4-6. Recall that in all these cases we still preserve the airway closures necessary to match the PET data and apply the constriction patterns in Table 5 to the remaining airways and below.
In Figure 9 , we again sustain the severe airway constrictions necessary to match PET ventilation defects but now apply constriction patterns starting from the larger airways only, and then proceeding toward the periphery, each time searching for a constriction pattern that provides the best fit to R L and E L data. We now see that restricting constriction to only generations 2-4 or even 2-10, while maintaining the airway closures necessary to match the ventilation defects, cannot produce the same quality of match to dynamic R L and E L data as that achieved when we include smaller airways (eg., 2-16). In short, to match mechanical defects one could impact small airways alone (< 2.4 mm), or small and larger airways together, but one cannot impact larger airways alone, even if one includes peripheral (<2mm) closed airways necessary to match PET-based ventilation defects. Similar results occurred in all subjects.
Discussion
There is an increasing effort to develop a more integrative understanding of how alterations in lung structure affect lung function. These efforts are multidimensional and transcend all forms of lung pathology. This study focused on asthma with the specific motivation to understand which airways are most likely responsible for alterations in ventilation distribution and which airways are responsible for alterations in lung mechanics and whether these are one and the same. We took advantage of two major scientific developments: imaging and computational modeling. From PET images, we extract information regarding the spatial distribution and relative extent of ventilation defects during bronchoconstriction. However, because the images do not include information on explicit airways or changes in airway size, we cannot routinely translate the impact of structural changes on function. We also employed 3D computational lung models that are capable of predicting lung mechanics as well as flow to the acini after applying constriction to specific airways in the tree. These sophisticated models have many degrees of freedom with regard to the number of structural changes we can impose. Hence, their use in answering structure function questions is enhanced when they are coupled to as much specific data driven information as possible. In addition to the imaging and computational tools, we included information related to the mechanical defects, specifically changes in the frequency dependence of dynamic R L and E L after bronchoconstriction. The alterations in R L and E L over this frequency range are sensitive to elevations in the mean level and in the heterogeneity of constricted airways, but such data alone could not be used to identify their spatial locations. After integrating the information from the PET images into the advanced 3D airway tree model, we identified constriction conditions that could or could not create mechanical and/or ventilation defects similar to those measured in a specific patient. Our results indicate that this IFM approach provides a window on the relative importance of small versus large airway involvement in clinical asthma at a level not previously possible, and inclusive of inferences down to airway sizes below the resolution of imaging data alone.
To our knowledge this is the first attempt to extract explicit correlations to dysfunction by combining 3D models with both imaging and measures of dynamic mechanical function.
Airway Closures: Sizes and Locations
The first level of IFM used only the PET data with the 3D model in order to identify the airway sizes and locations which could be closed while still only matching the spatial size and location of the imaged ventilation defects. Over our six asthmatics, closures had to occur in diameters < 2.39 mm and mostly d<.44 mm. To do otherwise would create ventilation defects that were inconsistent with the imaging information. Thus, the first novel conclusion derived from our IFM method is that airway closures (or near closures) leading to severe ventilation defects occurs during airway provocation in mild-to-moderate asthmatics and these closures are confined to airways in the lung periphery. Our methods are semi-subject specific. The tight consistency of results related to maximum closed airways across our six subjects (Table 3) suggests that this conclusion would remain unchanged by adding more subjects and is likely endemic to mild-to-moderate asthmatics.
Interestingly, the remaining airway constrictions outside the closures necessary for ventilation defects differed more from subject to subject (Table 5) . Indeed, the data of Figure 5 motivate the personalized nature of the IFM approach when exploring the non-closed airways. Specifically, during airway provocation in asthma, while Table 3 indicates that airway closure sizes are similar and confined to very small airways, the remaining heterogeneity of constriction is more variable among asthmatics. This leads to variability in measured post challenge mechanics. With only six subjects it is difficult to make grand conclusions if such variability were to exist across a wider swath of asthmatics but the finding is interesting and worthy of future analysis. We acknowledge that in more severe asthmatics airway closures may occur in airways larger than 2mm due to remodeling and/or inflammation. Of course, if closures occurred in the larger airways it is likely the size of the gas trapping clusters in the PET images would increase. We could then apply our IFM approach to establish whether, indeed, closures airways of diameter > 2 mm were necessary and/or allowable.
One possible limitation of our approach is that in 3D space there is not a precise one-to-one mapping between acini in the model and in the image, which can lead to an underestimation of the maximum size of the closed airways allowable for matching a ventilation defect image. We probed the potential impact of model/image mis-registration as follows: First we identified the required closed terminal airways to match acinar ventilation defects in PET (as described in the methods). We then calculated the area of ventilation defects in each slice of the PET image as mapped into the model. We also found the maximum size airway above the closure such that the match to the PET data is retained in each slice without creating any new non-ventilated acini in the model (again, as described previously in the methods). Next we closed the airways one generation less (proximal) to these and quantified the increase in the number of ventilation defects in the model relative to the data. The goal is to see at which point closure of larger airways creates a gross mismatch between the images and the model which could not be explained on the basis of minor mis-registration alone. Shown in Figure 10 is the maximum percent increase in the volume of ventilation defects in the model as we moved up generation by generation and continue to closed these larger airways. Moving up just 2 generations caused a 50% increase in model ventilation defects area from the case that best matched the PET. The increase grows to 100% by the third generation. In summary, mis-registration may underestimate some of the closures, but overall matching to PET data still requires confining closures to small airways.
Airways Causing Mechanics vs. Ventilation Dysfunction
After isolating the airways necessary to reproduce the ventilation defects, we applied varying constriction conditions to the rest of the airway tree. Our results illustrated that matching mechanics simultaneously with ventilation defects is best done by constricting airways greater than generation 14.
Surprisingly, we could get similar quality matches to the measured mechanics by also affecting much larger airways in tandem with small airways. As a result, we found that so long as small airways are constricted, there was a large family of constriction patterns which produced the lung mechanics that
were not very distinct from one another. In contrast (Figure 9 ), constricting the large airways alone, even while maintaining the small airway closures necessary to recreate ventilation defects, would not be sufficient to match the mean level and frequency dependence of R L and E L associated with bronchoconstricted asthmatics.
Finally, we demonstrated (Fig 7) that we can create a variety of heterogeneous constriction conditions that produce R L and E L very similar to each other. However, only by employing the IFM approach were we able to isolate conditions that would result in ventilation images on a slice by slice basis that were consistent with those occurring in the specific patients lung. Hence, airway closures are not occurring totally randomly, and need to be assigned to specific regions in the lung.
Past Studies Probing Small Airways
Speculation on the relative importance of small versus larger airways to lung disease, and asthma in particular, date back to the 1960's where it was assumed that because of the parallel nature of the airway tree, the peripheral airways contributed very little to total resistance and were subsequently termed the "silent zone" (19) . Histological and morphometric analyses certainly suggest important structural changes occur in the airway walls and airway smooth muscle of the peripheral and central airways (7, 16) . Functionally, more sensitive measures of peripheral airway function (eg., imaging and frequency dependence of dynamic R L and E L ) have become more readily applicable to human subjects (1, (13) (14) (15) . These techniques provide indirect and direct evidence about the role of large and small airways during constriction. Brown and Mitzner (4) using HRCT showed that in canines both large and small airways constrict after methacholine challenge. Moreover, airway closure could occur in both sized airways. In human asthmatics, Brown et al. (6) used HRCT and measured a decreased diameter of larger airways following methacholine. The occurrence of such is consistent with our IFM results that larger airways can constrict in creating the mechanical response in asthmatics to a provocation.
Generally, however reliable information related to the smaller peripheral airways (d< 2mm) in humans is not forthcoming from HRCT or any imaging modality (3). Kaminsky et al. used a bronchoscope to measure increases in the mean level and frequency dependence of resistance in the periphery of the lung in human asthmatics after installation of methacholine. Their data showed that the small airways were also hyperreactive in asthmatics and that this constriction occurs heterogeneously (14) . Experimental studies which assess airway closure using the single breath washout technique have shown that airways at the level of the acini are likely to close and contribute to the overall airway response (10). Clearly there is ample evidence in the literature that confirms large and small airway involvement but none are able to confirm their relative importance in changes in lung function.
Advances in computational modeling studies have shown that inflammation and airway wall thickening work together with the peripheral airway constriction to influence the mechanical response and amplify the heterogeneous constriction (8, 14) . Indeed peripheral heterogeneities influence R L and E L at the breathing frequency far more than increases in airway resistance alone (@ 8 Hz). Our approach, of combining experimental data and computational models, is a step forward because it requires matching heterogeneity of two functional measures simultaneously -ventilation and mechanics.
Our premise was that each data form is likely quite sensitive to the lung periphery. Synthesizing our models with both data forms allowed us to distill the forms of small versus larger airways allowable in a specific post-constricted asthmatic.
Summary
We have synthesized a 3D structurally consistent computational lung model with anatomically explicit information extracted from PET imaging simultaneously with dynamic mechanical function data most sensitive to the impact of heterogeneous airway constriction. We call this Image-Functional Modeling (IFM). In principle as other new imaging methods (eg., Hyperpolarized He 3 MRI) become more quantitative, the IFM concept may be extended to them as well (1, 21) .
The goal of this study was to explore the relative importance of large and small airways during asthmatic bronchoconstriction. Because the 3D model has many degrees of freedom, the IFM is not projected as a pathway by which one can precisely establish the constriction pattern for all airways in a given patient. Nevertheless, the IFM approach is able to provide unique and more specific insights on airway constriction in asthma. Because of the spatial and functional specificity embedded in the IFM technique, we can definitively rule out which airway sizes could not be involved during bronchoconstriction because they do not match either the mechanics or the PET ventilation defects, or perhaps they can match one measurement form but not the other. The first important new finding from this IFM application is that ventilation defects in asthmatics requires heterogeneous closures confined to very small airways (< 2 mm) in mild asthmatics. The second important finding is that severe constriction of such airways alone is insufficient to drive the simultaneous degradation in mechanical function. The latter requires constricting the remaining small airways as well, perhaps in concert with larger airways, but not larger airways alone. The implication is that asthma therapy must prevent small airway closures, and may also need to insure sufficient reduction in airway conditions promoting hyperreactivity in both small and larger airways. 
Figure 2
Mask of lung field for each of the 15 PET slices on left and corresponding 3D airways tree model on right with acini for each slice highlighted in white.
Figure 3
Portions of lung field still containing a large amount of tracer (red) following a washout (i.e. poorly ventilated or so-called ventilation defect regions) in a post constricted asthmatic and corresponding 3D model mask.
Figure 4
Stacking of ventilated and non ventilated acini in 3D lung model as derived from mapping of PET image slices (Figs. 2 and 3 ) into model. White represents ventilated acini and red represents acini with ventilation defects for all 6 asthmatics studied. Five out of the six subjects did not show a huge disparity in the location and size of the non ventilated acini.
Figure 5
Mean and standard deviation of R L and E L spectra for all 6 subjects at baseline and post challenge. At baseline, there is a small variability in both parameters over all frequencies. However after bronchoconstriction, the variability in mechanics increases indicating a large range of responses to the methacholine challenge.
Figure 6
Left, R L and E L data from an asthmatic at baseline (black) and post challenge (red). Baseline is shown with the corresponding model match. Post challenge is shown with two example best IFM matches with each match required to also produce ventilation defects consistent with Figure 3 . Blue dotted is best match with airway constrictions confined to airways of generation 16 and below (d < 1.3 mm) and solid blue is best match when constrictions are confined to generations 14 and below (d < 2.3 mm). Right, 3D surface rendering of model airway tree superimposed inside the surface model for each IFM best match. Each airway branch is color coded to represent the degree of airway constriction.
Figure 7
Left: R L and E L post challenge data and best IFM results from Fig. 5 (which is forced to also match ventilation defect locations) and example similar excellent match to mechanics when applying heterogeneous constriction without requiring simultaneous match to ventilation defect locations. Right: model predicted ventilation distribution for each constriction condition where darker colors represent regions of low ventilation. Only the IFM case produced localized ventilation defects as seen in real data.
Figure 8
Performance Index after applying constriction while maintaining closures as shown in Figure  3 . While there are no distinct PI's, a minimum PI for each subject usually occurs after affecting generations 14 and higher.
Figure 9
Sensitivity of mechanical matches between 3D model and data to constriction of confined to only larger airways, while still maintaining ventilation defects identified from PET image. Note that as we permit constricted airways to extend further in the periphery, the match between the measure and model mechanics improves.
Figure 10
Maximum percent change of ventilation defects in each slice after closing airways at increasingly higher generations proximal to the isolated airways believed to be associated with the ventilation defects from the PET image. PET slice inserts show example of substantial increase in predicted ventilation defect from real data associated with closing an airway just 2 generations proximal.
Table 1
Distribution of airway diameters at FRC for each generation in the 3D airway model.
Table 2
Subject Demographics. PC 20 : methacholine dose causing 20% decrease in 1-s forced expiratory volume (FEV 1 ); FEV 1 % pred, percent predicted at baseline measured in the upright position. FEV 1 : predicted FEV 1 at baseline in the upright and supine position and after methacholine in the supine position.
Table 3
Range, mean (d mean ) and standard deviation (d std ) of airway sizes that are allowed to be closed or severely constricted so as to insure consistency between the ventilation defects as mapped into the computational model.
Table 4
Constriction conditions for matching baseline mechanics with measured mechanics.
Generation is the minimum airway generation constricted. µ=mean diameter constriction and SD = standard deviation of constriction.
Table 5
Pooled results for best match IFM mechanics in 6 asthmatic subjects. Generation is the minimum airway generation constricted for the best IFM match. µ=mean diameter constriction and SD = standard deviation of constriction. Table 4 
